Fourteen experiments were performed in ten dogs with body weights averaging 29.1 kg and ranging between 14.6 and 49.9 kg. The animals were anesthetized with sodium pentobarbital, 30 mgAg. The artery supplying the left gastrocnemius muscle (hereafter termed the test muscle) and the major vein draining the right gastrocnemius muscle (the donor muscle) were isolated and adjacent branches ligated. Heparin, 5 mg/kg, was then administered and a dose of 2.5
• Since Gaskell's postulation that the blood supply to an active tissue could be regulated through chemical alterations affecting local vascular tone, 1 many substances have been proposed as specific mediators of functional hyperemia in skeletal muscle. However, as pointed out in recent reviews, 2 ' 3 there is no conclusive evidence demonstrating a physiologic role for any of these agents. The possibility that the oxygen supply of active tissue might be an important factor has been considered for many years. During muscular contraction in animals the oxygen content of venous blood draining the muscle 4 ' 5 and the per cent saturation of the myoglobin 6 have been shown to diminish. A fall in the oxygen saturation of deep venous blood has also been demonstrated in human subjects during sustained and rhythmic muscular activity; 7 " 10 elevated venous blood lactate levels have been described as well. 11 " 18 Such observations have led to consideration of the possibility that the diminution of tissue oxygen tension during exercise may itself, directly or indirectly, regulate vascular tone. 3 ' 14 ' 16 This theory has recently received support from experiments showing large increases in blood flow to the hindlimb of the dog during perfusion with hypoxic blood. 14 ' 15 One mechanism through which diminished oxygen tension might influence vascular tone is by altering the production, or the metabolism, of vasodilator substances released during muscular contraction. Such a mechanism has been proposed to regulate myocardial blood flow by the re-From the Cardiology Branch, National Heart Institute, Bethesda, Maryland.
Received for publication May 18, 1984. lease of adenosine during relative hypoxia. 16 An alternative means by which lowered tissue Po 2 could control the vascular bed is by a relaxant action on the vascular smooth muscle, either directly or through a metabolite released by the smooth muscle cells. 3 ' "• 15 The present studies were undertaken to examine primarily the latter of these possible mechanisms, namely, whether or not the effects of lowered oxygen tension on vascular smooth muscle could explain the vasodilatation of functional hyperemia. The basic plan of the experiments was to reduce the oxygen tension of venous blood in resting skeletal muscle to a level similar to that observed in the same muscle during functional hyperemia. To achieve this, a canine preparation was designed that permitted measurement of the change in blood flow occurring in the left gastrocnemius muscle when it was perfused with venous blood obtained from the right gastrocnemius muscle, when the right muscle was at rest and contracting. The resulting flow alterations in the left muscle were compared with those which occurred when the muscle was contracting rhythmically, and when the venous blood oxygen tension was similar to that observed during the venous perfusion.
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mg/kg was given subsequently every hour. In six of the animals, the test muscle was supplied with arterial blood from a carotid artery through tubing containing an electromagnetic flowmeter probe* ( fig. 1 ). The venous blood from the donor muscle was drained through tubing to an external jugular vein; from a sidearm of this line, tubing passed through a pump to a sidearm of the arterial line supplying the test muscle. Cross perfusion between die muscles could thus be initiated without interrupting the blood flow to either muscle. The rate of the perfusion pump was adjusted to obtain as much venous effluent as possible from the donor muscle; the flow rates ranged from 22 to 70 ml/min and averaged 95% of the blood flows in the resting test muscles. This rate of cross perfusion was then maintained constant throughout the remainder of the experiment. Venous pressure in the donor limb was maintained relatively constant by means of a screw clamp.
The sciatic nerves on each side were divided. It was found that following nerve section the blood flows to the muscle usually returned to near-control levels within one hour. Stimulations of the distal portions of the nerves were performed with a stimulatort using square wave impulses having a duration of 1 msec, amplitudes from 7 to 10 volts, and frequencies from 60 to 240 impulses/min in the test limb and from 180 to 420 impulses/min in the donor limb. The limbs were partially restrained, some movement occurring during muscular contractions.
Catheters for obtaining blood samples were placed in small branches of the vein and artery supplying the test muscle. Central aortic pressure and venous pressure in the line from the donor muscle were measured with Statham transducers and recorded together with flow on a directwriting oscillograph. Arterial pressure fluctuations were minimized by bilateral cervical vagotomy and by a buffer bottle attached to a carotid artery.
In four dogs, in order to avoid division and cannulation of the artery supplying the test muscle, the preparation was modified ( fig. 1 ). In these animals an electromagnetic flow probe was placed directly around the arteryt and cross perfusion was directed into a proximal side branch of the artery.
The experiments were performed in the following manner. The blood flow to the test muscle, and the PQ.,, pH, and P COo of the venous blood * Medicon, model A-2208. t American Electronics Laboratories. t Medicon, models C2030 and C2040. Upper diagram shows the canine preparation used to study relationships between venous blood P o and muscle blood flow. Blood drains from the donor gastrocnemius muscle (gastroc. m.), on left, through the cannulated vein (V.) draining the muscle; from a sidearm of this line a pump provides blood to a line from the carotid artery which supplies blood to the cannulated arterial branch (A.) to the test muscle, on right. Samples of blood were obtained from the vein (V.) draining the test muscle. Electrodes for stimulating the sectioned sciatic nerves (n.) are shown. EM. refers to the electromagnetic flowmeter probe. The insert depicts the modified preparation in which an electromagnetic flowmeter probe was placed directly around the artery supplying the test muscle, the perfusion being directed into a proximal branch of the femoral artery (Fern. a.). from this muscle were determined. In some experiments arterial P 0o was also measured (see below). Stimulation of the nerve to the test muscle was then begun, and when a steady state had been reached in 2.5 to 5 minutes, these measurements were repeated, and stimulation was stopped. When resting conditions again obtained, cross perfusion of venous blood from the right gastrocnemius muscle was begun into the artery of the test muscle, at flow rates which averaged 95% of the blood flows in the resting test muscles. Following stabilization of the blood flow, the flow was again measured, blood samples were analyzed, and stimulation of the nerve to the donor muscle was initiated. Samples of the venous effluent from the test muscle were then analyzed frequently for P o ., and the rate of stimulation increased until the venous P o ., in the test muscle corresponded closely with that observed previously during the period of active hyperemia in the test muscle. Because the rate of the perfusion pump remained constant, increases in blood flow to the test muscle during cross perfusion caused some dilution of the perfusate with arterial blood, and rapid rates of stimulation of the nerve to the donor limb (180 to 240 impulses/sec) were therefore required. This induced large flow increases in the donor limb, and the venous pressure in that limb was kept constant by releasing the clamp on the line leading to the a\ternal jugular vein ( fig. 1 ).
In ten experiments, in order to determine the effects of the hypoxic perfusion on functional hyperemia, the nerve to the test muscle was stimulated with a second stimulator while perfusion from the contracting donor muscle was continued; this intervention is subsequently referred to as superimposed active hyperemia.
In eight experiments, the P o ., of the arterial blood supplying the test muscle was measured, the sampling point being distal to the site of entry of the cross perfusion. In three of these experiments (no. 2 to 4), arterial and venous blood samples were also obtained simultaneously during the control period, and during cross perfusion with donor muscle stimulation. These were analyzed for oxygen content by standard Van Slyke technique, and the oxygen consumptions of the muscles were then calculated.
Body temperature, measured in the vena cava, ranged from 34 to 38°C, and varied by no more than 0.3°C during any experimental run. In later experiments, body temperature was maintained with heating pads, temperature in the test muscle was measured with a thermistor probe placed into the muscle, and the muscle temperahire was maintained within 0.5°C of rectal temperature by external heating lamps.
Venous and arterial blood samples were analyzed immediately; blood P 0o was measured polarographically using a cuvette which contained a stirring paddle 17 with a Beckman macro-electrode and gas analyzer, model 160. The P o , measurements were made at 37°C and corrected for body temperature, and for pH, using the correction factor described by Bradley et al. 18 Blood pH and Pco 2 were measured at 37°C with electrodes and an Instrumentation Laboratories analyzer, model 113; P COo and pH values were also corrected to body temperature. 18 Calibrations of the P 0o and P cc , 2 electrodes were performed frequently with nitrogen and gases of CtrcnUlwn Rtsttrcb, Vol. XV, Dtctmbtr 1964 known oxygen and carbon dioxide concentrations.
In some experiments the PQ., electrode was calibrated with samples of blood obtained from the experimental dog. This blood had been equilibrated in a tonometer with gases of known oxygen concentration; these calibrations did not differ from those done with gases only.
In view of the previously reported traumatic effect of perfusion pumps on blood, 10 " 22 -42 particular care was taken to minimize this factor. The perfusion line was short and glass connectors were siliconized. The pump was of double armed roller type,* having a stroke volume of 1.7 ml, and was run with minimum occlusion. In three preliminary tests, fresh, heparinized canine blood was circulated through the pump for 20 minutes. The plasma hemoglobin values before circulation were 12, 40, and 8.8 mg/100 ml, and afterwards these values were 15.2, 40, and 14.4 mg/100 ml. To ascertain whether or not serotonin was released from platelets in appreciable amounts by the perfusion pump, the 5-hydroxyindole levels in platelet-free plasma were determined in two experiments on samples obtained from sites proximal and distal to the pump; no significant increases were found. In two other experiments, arterial blood, obtained from a carotid artery, was perfused by the pump into the sidearm of the line supplying the test muscle at flow rates comparable to those used during venous cross perfusion. No effect on the blood flow to the muscle was observed. It was noted that when blood was permitted to stand in the tubing for a few minutes prior to initiating perfusion, marked dilator activity was acquired. Therefore, prior to each perfusion, the initial perfusate was collected and discarded.
Results
The alterations in blood flow and in the Po,, pH, and P C o., of the venous blood from the test muscle during functional hyperemia and during cross perfusion with venous blood from the donor muscle are summarized in table 1. The results were similar in 14 experiments in ten animals.
FUNCTIONAL HYPEREMIA
During control periods the blood flows to the test muscle ranged from 25 to 116 ml, and the oxygen tensions in the venous blood ranged from 22 to 49 mm Hg and averaged 37 mm Hg. During contraction of the test muscle, blood flow increased, the increases * Imico, model 1009-P. 38   24  39  39  24  22  16  19  14  13  12  42  28  42  40  30  25  33  22  33  27  21  19  31  19  33  27  19  16  29  19  37  26  36  27  25  23  36  17  31 ranging from 69 to 380$ (average 173*) of the control blood flows ( fig. 3 ). The venous blood oxygen tensions during muscular contraction ranged from 16 to 39 mm Hg and averaged 23 mm Hg. A tracing obtained during an experiment is reproduced in figure 2A .
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The pH and P<x> 2 values in the venous blood averaged 7.39 and 37 mm Hg, respectively, during the control periods. During functional hyperemia, the venous pH values averaged 7.34, and the P C o.> values averaged 41 mm Hg (table 1). The arterial blood P o , values ranged from 98 to 115 mm Hg, and varied by no more than 2 mm Hg during any experiment (table 1) .
Circulation Reieirch, Vol. XV, December 1964
VENOUS PERFUSION
During the control periods prior to venous perfusion, the experimental conditions closely approximated those prior to functional hyperemia. Blood flows to the test muscles ranged from 25 to 110 ml. Venous blood oxygen tensions ranged from 19 to 46 mm Hg and averaged 37 mm Hg.
Perfusion of venous blood from the donor muscle into the artery to the test muscle resulted in blood flow increases that ranged from 0 to 80*, and averaged 34* of the control values. During these changes of flow, the oxygen tensions in venous blood from the test muscles ranged from 14 to 45 mm Hg and 
Upper tracings (A) show the effects on muscle blood flow (Bl. Flow) and venous blood P o resulting from stimulation of the nerve to the test muscle. At arrow A, stimulation at 120 impulses/sec (7 v) was initiated; at arrow B, the rate of stimulation was increased to 180 impulses/sec, and at arrow C stimulation was terminated. Systemic arterial pressure (Art. Press.) remained constant. Lower tracings (B) show the effects on blood flow and venous blood P o of perfusing venous blood from the donor muscle into the test muscle. Following a control period, venous perfusion was initiated at arrow D. At arrow E, stimulation of the nerve to the donor muscle at 240 impulses/sec (7 v) was initiated.
averaged 33 mm Hg. When the donor muscle was then stimulated, further increases of blood flow to the test muscles were observed. These, with one exception, ranged from 0 to 32$ and averaged 14% of the control blood flows; in experiment 7a the increase was 124$. The maximum total increases of blood flow induced by cross perfusion in all 14 experiments ranged from 4 to 202% and averaged 56% of the control values ( fig. 3 ). At the time of these maximum increases of blood flow, the oxygen tensions in venous blood from the test muscles ranged from 13 to 37 mm Hg and averaged 25 mm Hg. A representative tracing obtained during a perfusion experiment is shown in figure 2B .
The control pH and P C Oo values in the venous blood from the test muscle averaged 7.33 and 39 mm Hg, respectively, while during the maximum blood flow change during cross perfusion the average pH was 7.31, and the average P C o 2 was 38 mm Hg (table 1) . The Po., levels in blood obtained from the artery supplying the test muscle ranged from 92 to 112 mm Hg and averaged 104 mm Hg during the control periods (table 1) . During cross perfusion alone, the arterial P 0o levels ranged from 31 to 66 mm Hg and averaged 48 mm Hg, and during cross perfusion with donor muscle stimulation, they ranged from 18 to 46 mm Hg and averaged 32 mm Hg. The oxygen consumptions of the muscles in 
Graph on the left depicts the per cent change in blood flows to the test muscles during functional hyperemia, and the accompanying venous blood P o values. Right hand graph shows the corresponding changes during perfusion of test muscles with blood from the contracting donor muscles (solid circles) and when active hyperemia was superimposed on venous perfusion (solid squares).
experiments 2, 3, and 4 were 2.70, 7.17, and 2.35 ml/min prior to cross perfusion, and fell to 2.05, 3.12, and 1.51 ml/min, respectively, during cross perfusion with donor muscle stimulation.
In one animal, phasic alterations in mean blood flow, having a period of about 1.3 minutes, occurred with cross perfusion during contraction of the donor muscle. Since these cyclic flow variations were very marked, and their significance uncertain, this animal was not included in the tabulated results. Similar variations, although less marked in degree, were observed also at the end of one experiment in dog no. 7 (table 1, 7a) .
A comparison bevveen the effects of venous perfusion and functional hyperemia on blood flow and on the venous blood oxygen tension is shown in figure 4 . During functional hyperemia the increases of blood flow were consistently greater, ranging from 1.6 to 5.4
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times and averaging 3.3 times the blood flow increases during cross perfusion in 12 of 13 experiments. In one experiment (expt. 8), the increase was 22.5 times that occurring with cross perfusion. The decreases in venous blood oxygen tensions induced by functional hyperemia ranged from 6 to 23 mm Hg and averaged 14 mm Hg; the decreases during venous perfusion ranged from 6 to 23 mm Hg and averaged 13 mm Hg. In four experiments the Po 2 was slightly lower during cross perfusion than during active hyperemia (1 to 4 mm Hg), in five instances it was slightly higher during cross perfusion (2 to 3 mm Hg), and in five experiments the values were equal.
SUPERIMPOSED ACTIVE HYPEREMIA
The results of ten experiments in which the test muscle was stimulated during its perfusion with venous blood from the contracting donor muscle are shown in 
Graph showing the comparison in each experiment between the per cent changes in blood flow and the absolute venous blood P o values that occurred during functional hyperemia (triangles) and those during venous perfusion when the donor muscle was contracting (solid circles). Values obtained in individual experiments are connected by a line.
showing a typical response is reproduced in figure 5 . In all ten experiments, additional increases of blood flow were observed which ranged from 63 to 256* and averaged 143? of the blood flows during the control periods preceding venous perfusion ( fig. 3 ). During these flow increases venous blood oxygen tensions in the nine experiments in which they were measured, ranged from 12 to 29 mm Hg and averaged 17 mm Hg. These values represented further reductions in Po., from the levels observed during venous perfusion which ranged from 1 to 6 mm Hg and averaged 3 mm Hg ( fig. 3 ).
Discussion
It seems clear that if lowered oxygen tension is important in the regulation of small blood vessel resistance, the effect must be mediated through the tissue fluid rather than the Po 2 inside the arterial resistance vessels, since hypoxia of arterial blood does not occur during functional hyperemia. Thus, in the present studies, venous blood Po 2 was used to estimate the mean extracellular fluid Po 2 . It was observed consistently that when the reduced venous blood oxygen tension which accompanied functional hyperemia was reproduced by venous perfusion, the increase in blood flow was always much less than during muscular activity. Furthermore, the oxygen tensions in venous blood from the test muscles fell by an average of 13 mm Hg during venous perfusion whereas, during superimposed active hyperemia, the further reductions in oxygen tension that occurred averaged only 3 mm Hg despite much larger increases in blood flow. The latter observation demonstrated, in addition, that the functional hyperemic response was not impaired by hypoxic perfusion. These findings do not support the hypothesis that a direct effect of lowered tissue oxygen tension on vascular smooth muscle can explain functional hyperemia in skeletal muscle. While this mechanism may make some contribution to the vasodilatation, it would appear that other factors are of greater importance.
The use of analyses of oxygen tension in venous blood draining the muscle to estimate oxygen in the extracellular tissues requires some justification. The observations of Krogh 28> 24 suggest that in resting skeletal muscle, the observed intercapillary distances should produce tissue oxygen tensions which, in many areas, are lower than those in venous blood. During muscular activity, Krogh postulated that the marked increase in the numbers of functioning capillaries would abolish this diffusion gradient for oxygen. There are several possible objections to conclusions drawn from Krogh's calculations, however. First, the intercapillary distances given for resting muscle were measured in injected specimens, and may be considerably greater than those observed more recently in vivo. 25 Second, vasomotion 23 Tracings demonstrating the effects of superimposed active hyperemia on muscle blood flow (Bl. Flow) to the test muscle. Lower tracing shows systemic arterial pressure (Art. Press.). Following control period (A), perfusion of venous blood from the contracting donor muscle was begun and when flow had stabilized (B), stimulation of the nerve to the test muscle was initiated at 120 impulses/sec (7 v) . The resulting flow increase (C) rapidly dissipated when stimulation was stopped (D).
from the saturation of myoglobin 3 ' 6 suggest that in resting muscle the P 0o is considerably higher than originally estimated by Krogh. Nevertheless, if large diffusion gradients were present in resting muscle, perfusion of venous blood into the resting test muscle would produce, in some areas, tissue oxygen tensions lower than those measured in the venous effluent. During functional hyperemia the oxygen tension in the vein probably reflected accurately that in the tissue. These considerations suggest that if the true mean tissue oxygen tension during cross perfusion had been reproduced by more rapid contractions during active hyperemia, the observed differences between the blood flow increments would have been even greater.
Direct comparisons between the functional hyperemic response and the hyperemia resulting from hypoxic perfusion have not been reported previously, although several investigators have studied the effect on vascular resistance of perfusing venous blood into the Circulation RtsssTcb, Vol. XV, Dtctmirr 1964 limb. Wide variations in the degree of vasodilatation which ensues have been reported. 14 ' 1S ' 26~28 In the most recent of these studies, 15 flow increases approximately three times greater than those noted herein were observed at calculated arterial Po 2 levels that were comparable to the lowest arterial blood P On values reported above. The reasons for the large variations in the effects of venous perfusion which have been reported is-not completely clear. Because a number of different perfusion techniques were employed, it is possible that the differences can be attributed largely to variations in the degree of trauma produced by the perfusion apparatus lft -21 > 42 as well as to differing intervals of blood stasis between perfusions. Dilator enzyme systems in blood can readily be activated, for example, by contact with glass surfaces. 29 In the present experiments, in which precautions were taken to avoid these artifacts, a small increase in blood flow occurred when veno-arterial perfusion was be-gun and an additional increase occurred when the donor muscle was stimulated. Dilator activity in arterial blood that had traversed the perfusion circuit could not be demonstrated. The output of the pump was not altered during the perfusion; hence, a traumainduced component of the initial increase in flow seems unlikely. Were such a component present, its effect would have remained constant following the onset of perfusion.
The factor or factors that were responsible for the vasodilatarion which occurred during venous perfusion cannot be identified with certainty. It has been demonstrated that during muscular activity alterations in venous blood pH, of the magnitude observed in the present studies, show no correlation with the hyperemic response, 30 although larger pH reductions in perfused vascular beds cause considerable vasodilatation. 31 ' M Similarly, little effect on vascular resistance can be expected from the increases in P C o.> that occurred in the present experiments. 14 ' 28> 32 It is evident that if vasoactive metabolites and ions 3 ' S2~3i were produced by the contracting donor muscle and gained access to the venous blood, they were not sufficiently concentrated to reproduce the functional hyperemic response. It is recognized, however, that since the rate of cross perfusion was maintained constant, some dilution of the perfusate resulted from the vasodilatation accompanying venous perfusion. Furthermore, such a vasodilator substance could also have been rapidly inactivated in the tissues or in the blood. 16 It is also possible that the vasodilatarion was due largely to a direct relaxing effect of lowered P o ., on the small blood vessels, or to an indirect effect of relative hypoxia on the metabolism of the smooth or striated muscle cells in the test muscle. The oxygen consumption of resting skeletal muscle is known to diminish during perfusion with undersaturated blood, 35 and this observation was confirmed in the three experiments in the present study in which oxygen consumption was measured. The significance of this change is not known, although it may indicate an alteration of metabolism that could have influenced the blood flow increase accompanying venous perfusion. Whether or not the relative contributions of the nutrient and nonnutrient blood flows 30 changed under these experimental conditions is uncertain.
It is evident that lowering tissue P o ., in resting skeletal muscle does not reproduce the striking increase in metabolic rate that accompanies muscular contraction. Thus, the present studies do not elucidate the questions of whether lower tissue P 0o during muscular contraction is an important factor in the production of vasoactive substances by skeletal muscle, or whether it influences the rate of their elimination. Evidence that the level of Poo may not be important in metabolite removal is the failure of hypoxia and lowered blood pressure to influence the time course of postexeTcise and postocclusion hyperemia. 87 When tissue clearance techniques are used, however, a quantitative relationship between blood flow deficit and repayment appears to exist. 38 Therefore, to what extent a single, as yet unidentified vasoactive agent, or a combination of humoral stimuli, perhaps including lowered oxygen tension per se, contribute to functional hyperemia remains uncertain. As recently pointed out by Zweifach, the only vessels available to local metabolites are the precapillaries and metarterioles. Hence, it seems necessary to invoke either a conduction system, or physical forces operating retrogradely to explain the widespread arterial dilatation that accompanies active hyperemia, 39 and to what degree chemical mediators operate in conjunction with a local conduction system in the arterial wall 40 or with an alteration in myogenic tone, 41 ' 42 also remains unsettled.
Summary
The hypothesis that lowered tissue oxygen tension acting on vascular smooth muscle can explain functional hyperemia in skeletal muscle was examined in ten dogs. A comparison was made between the blood flow increment that accompanied rapid, rhythmic contraction of a gastrocnemius muscle and the flow change that occurred in the same muscle at rest during its perfusion with venous blood obtained from the resting or contracting gastrocnemius muscle of the opposite leg. Blood Po.,, pH, and Pcoo were measured in samples of venous blood from the muscle. There was no evidence that the perfusion circuit traumatized the perfused blood. During functional hyperemia, the increases in blood flow averaged 173%, and the average venous Po,, was 25 mm Hg. During venous perfusion, the maximum increases in blood flow averaged 56%, and the average venous Po n was 23 mm Hg. When the muscle was stimulated to contract during its perfusion with venous blood, increases in blood flow occurred which averaged 143%, despite additional falls in venous blood Po,, that averaged only 3 mm Hg. These studies suggest that the effect of lowered Po., on vascular smooth muscle does not produce sufficient vasodilatation to explain functional hyperemia in skeletal muscle.
